in concert with shifts in the minally differentiated cells that have exited the cell association between p130 and the E2F family members cycle. In contrast to the well-characterized cyclin/cdk-E2F-4 and E2F-5 (Moberg et al., 1996; Sardet et al., mediated inactivation of pRb that controls the G1/S 1995). A specific role for pRb in G0 arrest is indicated transition, little is known about regulation of the G0/ by the observation that acute inactivation of pRb alone G1 transition. However, pRb is likely to participate in is sufficient for G0-arrested cells to reenter the cell this process because its acute somatic inactivation is cycle (Sage et al., 2003) . This suggests that the hyposufficient for G0-arrested cells to reenter the cell cycle.
same structurally conserved cyclin domains that activated cell sorting (Darzynkiewicz and Traganos, 1990; Ladd et al., 1997). Cells with 2n DNA content and low vate cdk8 in its native mammalian or insect contexts. On the other hand, cyclin C may also have an unappreciated RNA content are resting and in G0 while cells with 2n DNA and higher RNA content are in G1. By this measure, G0/G1 cyclin activity. In this study, we tested cyclin C's ability to regulate events in G0 and early G1. We found expression of pRb alone in SAOS-2 cells placed 33-36% of cells in G0 ( Figure 2C ). However, overexpression of that during exit from G0, cyclin C directs pRb phosphorylation in a temporal pattern that precedes pRb phoscyclin C along with pRb reduced the proportion of G0 cells to 12%. Conversely, suppression of endogenous phorylation by cyclin D/cdk4, cyclin D/cdk6, and cyclin E/cdk2. Furthermore, this activity does not involve cdk8 cyclin C using RNAi (Figure 2A ) increased the proportion of cells in G0 to 49% ( Figure 2C ). Overexpression but rather is mediated by cdk3, and targets specific pRb substrate sites that must be phosphorylated in order for of cyclin C without pRb did not alter RNA content in SAOS-2 cells, nor did overexpression of cyclin C in expocells to exit G0. Together, these results indicate that cyclin C/cdk3 plays an important role in regulating the nentially growing T98G cells, indicating that cyclin C does not stimulate nonspecific enhancement of RNA G0 to G1 transition and does so, in part, through specific phosphorylation of pRb.
synthesis (data not shown). Cell cycle phase was also determined by monitoring patterns of G1-specific gene expression. Cells transResults fected with Rb alone expressed no detectable c-fos, thymidine kinase, or DHFR, and low levels of E2F-1 Cyclin C-Associated pRb Kinase Activity mRNAs ( Figure 2D ). Cotransfection of Rb with cyclin C To test whether cyclin C has an associated pRb kinase led to substantial increases in levels of each of these activity that varies with cell cycle phase, we examined mRNAs. That cyclin C did not induce a nonspecific, human T98G cells that express wild-type pRb and can generalized increase in mRNA transcription was again be arrested in G0. After three days of serum deprivation, indicated by the unchanged levels of cyclin E and T98G cells were stimulated with serum and lysates were GAPDH expression in cells transfected with Rb or Rb collected at various times thereafter. Cyclin C immune plus cyclin C ( Figure 2D ). precipitates from these lysates had pRb kinase activity that was present at low levels in G0 cells, increased in early G1, decreased in late G1 and S phases, and then
G0 Exit Requires pRb Phosphorylation at S807/811
Coexpression of cyclin C and pRb in SAOS-2 cells stimureappeared as cells reentered G1 ( Figure 1A ). This pattern of activity was precisely the inverse of pRb kinase lated pRb phosphate incorporation (data not shown). Using mass spectrometric and phosphospecific antiactivities associated with cyclins D1 and E, which increased at the G1/S boundary ( Figure 1A) . body analyses, we identified S807/811 as being among the sites whose phosphorylation was enhanced by As the pRb-kinase activity would predict, endogenous cyclin C forms complexes with endogenous pRb. In secyclin C expression. Suppression of endogenous cyclin C by RNAi reversed constitutive S807/811 phosphorylarum-stimulated T98G cells, cyclin C preferentially bound to hypophosphorylated pRb in G0/early G1 and in late tion in transfected SAOS-2 cells and overexpression of cyclin C enhanced it ( Figure 3A ). Cyclin C immune G2/M, coincident with periods of maximal pRb kinase activity ( Figure 1B ). In confirmation of the cyclin C/pRb precipitates from SAOS-2 cells transfected with cyclin C and pRb phosphorylated GST-Rb at S807/811 in vitro interaction, cyclin C immune precipitates from 3T3 cells contained pRb ( Figure 1C ). The former interaction was indicating that the cyclin C-associated kinase activity can directly phosphorylate pRb at those sites ( Figure 3B ). specifically prevented by a competing cyclin C peptide. Also, the nominal pRb band of Ϸ110 kD only appeared To test the functional significance of S807/811 phosphorylation, we constructed pRb variants in which S807 in lysates from wild-type 3T3 cells and not 3T3 cells from Rb Ϫ/Ϫ mice ( Figure 1C ). Similarly specific interactions and S811 were changed individually or in tandem to nonphosphorylatable amino acids. Coexpression of eioccurred in human cells i.e., the presence of pRb in cyclin C immune precipitates from Rb-positive T98G ther variant with cyclin C reduced the phosphospecific antibody signal and expression of the double mutant cells, and its absence in cyclin C immune precipitates from Rb-negative SAOS-2 cells ( Figure 1D ). (Evidence resulted in no signal ( Figure 3C ). Expression of the double mutant in SAOS-2 cells promoted G0/G1 arrest to for the specificity of the anticyclin-C antibody is shown in Supplemental Data available at http://www.cell.com/ the same extent as wild-type pRb, as reported by others (Knudsen and Wang, 1996), as did expression of either cgi/content/full/117/2/239/DC1.) single mutant ( Figure 3D ). However, expression of either single mutant along with cyclin C increased the proporCyclin C Promotes G0 Exit tion of cells in G0 to 30% ( Figure 3E ). Coexpression The pRb kinase activities associated with G1 cyclins of the double mutant with cyclin C increased the G0 stimulate S phase entry by inactivating pRb. However, proportion to 38%, the same level observed when pRb despite its associated pRb kinase activity, cotransfecwas expressed without cyclin C ( Figure 2C ), indicating tion of cyclin C with pRb in SAOS-2 cells did not promote that the double mutant had a completely suppressive S phase entry (Figures 2A and 2B) . Because of the timing phenotype. of cyclin C-associated pRb kinase activity, we considered the possibility that its effects might be occur prior to those of G1 cyclins i.e., at the G0/G1 transition. One Cdk8 Is Not the Cyclin C-Associated pRb Kinase Until now, cdk8 was the only kinase associated with technique for assessing G0 status is simultaneous quantitation of DNA and RNA content by fluorescence acticyclin C. Surprisingly, then, cdk8 immune precipitates (A) T98G cells were placed in serum-free medium for three days then stimulated with 15% FBS. Lysates were prepared at the indicated times after serum stimulation and subjected to immune precipitation using anticyclin C, anticyclin D1, and anticyclin E. Precipitates were tested for in vitro kinase activity using GST-Rb(379-928) as substrate (IPK). Kinase reactions were analyzed by SDS-PAGE followed by transfer to PVDF membranes. After exposing the membranes to X-ray film, they were probed using anti-GST or anticyclin C. Cells at each time point were also analyzed for DNA content and the proportion of cells with a G1, S, or G2/M DNA content is indicated. Exposure time for the cyclin D1 and cyclin E blots was overnight while the exposure time for the cyclin C blot was 30 min. (B) T98G cells were placed in serum-free medium for 72 hr and then restimulated with 15% FBS. Lysates were prepared at the indicated times after restimulation and analyzed by immunoblot using anti-pRb (upper image), by immune precipitation using anticyclin C followed by immunoblot using anti-pRb (middle image), or by immunoblot using anticyclin C. An aliquot of cells from each time point was analyzed for DNA content by FACS and the proportion of cells with a G1, S, or G2/M DNA content is indicated. (C) Upper image, Murine 3T3 fibroblasts were placed in 0.1% FBS for three days, then stimulated with 15% FBS for 6 hr at which time lysates were prepared. Lysates were subjected to immune precipitation using anticyclin C (C), anticyclin C with a competing cyclin C peptide (C ϩ C pep), anticyclin C with a nonspecific peptide (C ϩ NS pep), anticyclin D1 (D1), anticyclin D1 with the cyclin C peptide (D1 ϩ C pep), anticyclin D3 (D3), anticyclin D3 with the cyclin C peptide (D3 ϩ C pep), and anti-Rb G3-245 (Rb). Immune precipitates were analyzed by immunoblot using anti-Rb. Normal rabbit IgG (NR IgG) served as an isospecific control for anticyclin C, anticyclin-D1, and anticyclin-D3; anti-FLAG IgG 1 (FLAG) served as an isotype control for anti-Rb. Lower image, lysates from wild-type 3T3 cells (ϩ/ϩ) and 3T3 cells from Rb Ϫ/Ϫ embryos (Ϫ/Ϫ) were prepared and subjected to immune precipitation using anticyclin C, anticyclin D3, and anti-Rb. Precipitates and whole lysates were analyzed by immunoblot using anti-Rb, anticyclin C, and anticyclin D3 as indicated. Normal rabbit IgG (NR IgG) and anti-FLAG (FLAG) served as controls. (D) Upper image, T98G cells were placed in serum-free medium for three days, then stimulated with 15% FBS for 6 hr at which time lysates were prepared. Lysates were subjected to immune precipitation using antibodies and peptides described in (C). Precipitates were analyzed by immunoblot using anti-Rb. Lower image, Lysates from Rb ϩ T98G cells (T) and Rb-SAOS-2 cells (S) were prepared and subjected to immune precipitation using the antibodies described in (C). Precipitates and lysates were analyzed by immunoblot using anti-Rb, anticyclin C, and anticyclin D3. In preliminary work, we found that cyclin C bound to a protein from cell extracts that was recognized by antipRb kinase activity, we found no evidence for pRb/cdk8 complexes: no pRb was detected in anti-cdk8 precipi-PSTAIR antibodies. Because this domain is conserved in several cdks, including cdk3, and because cdk3 has tates and no cdk8 was detected in anti-pRb precipitates ( Figure 4B ). Furthermore, although cdk8 depletion preeffects on cell cycle progression (Meyerson et al., 1992 ; van den Heuvel and Harlow, 1993), we tested the possivented anticyclin C precipitates from phosphorylating a peptide derived from the RNA polymerase II C-terminal bility that it might be a cyclin C-associated kinase. Since endogenous cdk3 levels are extremely low in most cell domain, it did not alter pRb kinase activity ( Figure 4C) . Thus, cdk8 is not the cyclin C-associated Rb kinase.
types, we ectopically expressed FLAG-tagged cyclin C and HA-tagged cdk3 in SAOS-2 cells and performed nant-negative cdk2 ( Figure 5C ). Suppression of cdk3 expression by RNAi in T98G cells reduced the levels of coimmune precipitation experiments. Anticyclin C precipitates contained HA-tagged cdk3, and anti-cdk3 preendogenous pRb S807/811 phosphorylation during the G0/G1 transition, and abrogated the S807/811 kinase cipitates (using three different antibodies) contained cyclin C (both endogenous and ectopically expressed) activity in cyclin C immune precipitates ( Figure 5D ). Thus, cdk3 is the endogenous cyclin C partner that phosphory-( Figure 5A ). The specificity of this interaction was demonstrated by the absence of interactions between colates pRb at S807/811. transfected FLAG-tagged cyclin C and HA-tagged cdk2 ( Figure 5B ).
Cdk3 Promotes G0 Exit
As expected, neither dominant-negative cdk3, cdk2, nor Overexpression of cdk3 with cyclin C in SAOS-2 cells led to enhanced phosphorylation of pRb at S807/811, cdk4 had any effect on S phase entry by SAOS-2 cells coexpressing Rb and cyclin C ( Figure 6A ). However, and overexpression of dominant-negative cdk3, with or without coexpressed cyclin C, completely prevented it expression of dominant-negative cdk3 along with pRb and cyclin C increased the proportion of cells with 2n ( Figure 5C ). Although S807/811 is also a cdk4 substrate, expression of dominant-negative cdk4 did not prevent DNA content that are in G0 to 83% ( Figure 6B ). Dominant-negative cdk2 or cdk4 had no effect on G0 status. S807/811 phosphorylation, nor did expression of domi- 
Discussion
Motivated by the possibility that cyclin C might regulate mammalian cell cycle progression, we have demonstrated that, similar to G1 cyclins, cyclin C forms complexes with pRb and stimulates its phosphorylation. However, cyclin C-directed pRb phosphorylation occurs earlier in the cell cycle than authentic G1 cyclin-directed activities and does not promote S phase entry. Rather, cyclin C stimulates cdk3-mediated phosphorylation of pRb at S807/811 (at a minimum), and this activity is required for efficient transition from G0 to G1. Although cyclin C was cloned on the basis of its ability to rescue G1 cyclin-deficient yeast ( ., 1998b) . Furthermore, these cell cycle effects (as well as others; Liu et al., 1998a) were cdk8-independent, suggesting that they did not occur by means of CTD phosphorylation.
Our present work provides direct support for cyclin (B) Lysates were prepared from T98G cells as described in (A), and subjected to immune precipitation using anti-cdk8 (cdk8), anti-Rb with anti-cdk8 (ID, immune depleted using the anti-cdk8 or nonspe-(Rb), anticyclin C (C), and anticyclin C with a cyclin C competing cific normal goat IgG (NS) as a control). Cyclin C immune precipitates peptide (C ϩ pep). Precipitates were analyzed by immunoblot using from lysates depleted using anti-cdk8 or nonspecific normal goat anti-Rb or anti-cdk8. The lower band in the anti-cdk8 immunoblot
IgG (NS) were tested for in vitro kinase activity (IPK) using GST-Rb of the cyclin C immune precipitation is nonspecific (note its persisor a tandemly repeated CTD peptide as substrate. Immune blot tence in the Cϩ pep lane and its absence from the cdk8 immune (IB) using anti-GST indicated that equal amounts of GST-Rb were precipitate). Anti-FLAG was used as an isotype control for anti-Rb; present in the kinase assays in lanes 2 and 3. As a control for other controls were as described in (A). nonspecific phosphorylation, GST-Rb was omitted from the reac-(C) T98G lysates were depleted of cdk8 by two rounds of incubation tions in lanes 1 and 4. (D) G0-arrested T98G cells were transfected with siRNA oligonucleotides directed against cdk3 or control oligonucleotides. Forty-eight hr later, cells were stimulated for 6 hr with 15% FBS and lysates were subjected to immune precipitation using anticyclin C or anti-cdk3 in the presence and absence of a competing cdk3 peptide. In vitro kinase reactions were performed using GST-Rb as substrate. The ability of the precipitates to phosphorylate GST-Rb at S807/811 was determined by immunoblot. Whole-cell lysates were also examined for pRb phosphorylation at S807/811, total pRb, and total cdk3. et al., 1997). Additional validation comes from our own immediate entry by control cells) so that the G1-to-S transition time remained unchanged at 20 hr. Thus, as observation that suppressing cyclin C or cdk3 in T98G cells resulted in an 8 hr delay in G0 exit after serum expected, G1-to-S transition time was the same in siRNA-treated cells as it was in control cells, and their stimulation. The existence of G0 was originally inferred because arrested cells stimulated to reenter the cell overall delay in S phase entry is evidence for time spent in G0. Furthermore, the inferred duration of G0 in siRNAcycle took the same time to reach S phase that actively cycling cells took to traverse from M to S. Therefore, it treated cells, 8 hr, is reflected precisely by the time during which the RNA/DNA ratio remains low, indicating was thought that resting cells must have been in a different state i.e., distinct from G1, when they were resting that this assay accurately identifies the G0 state. Given the fact that cyclin C/cdk 8 exerts important (Lajtha, 1963). In the experiments presented here (Figures 7A and 7B) , S phase entry occurred 20 hr after effects on RNA polymerase II, what is the likelihood that cyclin C's influence on RNA abundance during cell cycle control cells were treated with serum. When cyclin C or cdk3 were suppressed by RNAi, cells entered S phase progression might still be mediated through cdk8's CTD kinase activity? This is unlikely for at least two reasons. 28 hr after serum stimulation. In fact, though, according to the RNA/DNA assay, these cells did not enter G1 First, these shifts in bulk RNA content reflect changes in ribosomal RNA abundance that depend on the activiuntil 8 hr after serum stimulation (as opposed to almost . Rather, our data indicate that cdk3 is stimulated by cyclin C in G0 to phosphorythese events might not be unexpected, it is surprising that pRb itself contributes to regulating both. The fact late pRb at S807/811 to promote G1 entry. Notably, dominant-negative cdk3 placed a higher proportion of that part of the tumor suppressor activity of p19 ARF may involve suppression of rRNA synthesis indicates that SAOS-2 cells in G0 than shRNA directed against cyclin C (compare Figure 6B to Figure 2C ). Thus, cdk3 may the coordination of cell cycle progression and ribosome synthesis through a single molecular switch point may interact with additional regulatory subunits or may be activated to some extent even without associating with be a general phenomenon (Sugimoto et al., 2003) . The cyclin C/cdk3-mediated increase in RNA abundance is cyclin C in SAOS-2 cells. However, in T98G cells, suppression of cyclin C or cdk3 placed the same proportion not a nonspecific effect because expression of cyclin C alone i.e., without Rb, in SAOS-2 cells and in exponenof cells in G0. In this more physiological cell type, cyclin C and cdk3 may be specifically matched. tially growing T98G cells did not result in increased RNA content.
Despite our evidence implicating cdk3 in the G0 to G1 transition, its essential contribution to this process cdk3, it is likely that the "rescue" of these mice reflects functional redundancy among cdks. Nonetheless, comis questioned by the fact that most inbred laboratory mouse strains lack functional cdk3 (Ye et al., 2001) .
pensation for loss of cdk3 may not be complete, because overexpressing cdk3 accelerated G0 exit in 3T3 While this may cast doubt on an essential function for cells from cdk3-deficient mice. Thus, the effects of cdk3 underway which may reveal additional relevant phosloss are still detectable in cdk3-deficient mouse cells, phorylation sites. and functional redundancy among the cdks is not fully Finally, it is curious that despite the robust ability compensatory for stimulating G0 exit.
of human cyclin C to rescue G1 cyclin-deficient yeast, This point is also relevant in considering our observafunctional analyses of the nominal yeast homolog have tion that suppression of cyclin C or cdk3 in T98G cells consistently identified its associated CTD kinase activresulted in only a transient inability to exit G0. Again, ity, an effect that appears to have little to do with cell there may be redundant specificities in the cyclin/cdk cycle regulation. A possible explanation would be that system, which could achieve some of the same regula-SRB11/SSN8 is simply not able to model mammalian tory effects as cyclin C/cdk3. However, the 8 hr delay cyclin C. For example, S. cerevisiae SSN8 cannot rescue in G0 exit in the absence of cyclin C or cdk3 indicates triple CLN-deficient S. cerevisiae, and human cyclin C that cyclin C/cdk3 promotes G0 exit much more efficannot complement an ssn8 mutant (Kuchin et al., 1995). ciently than putatively redundant kinases. Similar delays Thus, SRB11/SSN8 and eukaryotic cyclin C are not funcrather than permanent blocks to S phase entry have tionally interchangeable even though human cyclin C is been observed when G1 cyclins are targeted by intracelclearly active in yeast ( 
